Cephalostatin 1 is a natural compound isolated from a marine worm that induces apoptosis in tumor cells via an apoptosomeindependent but caspase-9-dependent pathway and through an endoplasmic reticulum stress response that is accompanied by caspase-4 activation. Here, we show that cephalostatin evokes mitochondrial Smac (second mitochondria-derived activator of caspases) but not cytochrome c release in various carcinoma cell lines. We also show that Smac is critically involved in caspase-9 activation as evidenced by gene silencing experiments. Remarkably, caspase-2 appears to be a major target for cephalostatininduced cytosolic Smac. Using biochemical and genetic inhibition experiments, we demonstrate that caspase-2 participates in the apoptotic machinery induced by cephalostatin. Cephalostatin-activated caspase-2 appears to act as initiator caspase and is not involved in the activation of caspase-9. Importantly, experiments immunoprecipitating PIDD (p53-induced protein with a DD), RAIDD (RIP-associated ICH-1/CED-3-homologous protein with DD) and caspase-2 identify cephalostatin as an experimental drug that induces the formation of the PIDDosome. The bis-steroid cephalostatin proves to be both a helpful tool to investigate apoptotic signaling and a promising chemotherapeutic agent. Cell Death and Differentiation (2008) 15, 1930-1940 doi:10.1038/cdd.2008 published online 19 September 2008 We recently characterized cephalostatin 1, a bis-steroidal marine natural product, to be a promising experimental anticancer agent, as it induces an unusual pathway of apoptosis in leukemia T cells. Briefly, two major pathways leading to apoptosis have been investigated: the one triggered by tumor necrosis factor/CD95 family receptors leading to caspase-8 activation and the other mediated by mitochondrial release of cytochrome c and other proteins, followed by apoptosome formation and caspase-9 activation. Cephalostatin 1 causes cell death in a CD95-and caspase-8-independent manner. Even more intriguingly, cephalostatin induces apoptosis without triggering cytochrome c release from mitochondria and apoptosome formation.
We recently characterized cephalostatin 1, a bis-steroidal marine natural product, to be a promising experimental anticancer agent, as it induces an unusual pathway of apoptosis in leukemia T cells. Briefly, two major pathways leading to apoptosis have been investigated: the one triggered by tumor necrosis factor/CD95 family receptors leading to caspase-8 activation and the other mediated by mitochondrial release of cytochrome c and other proteins, followed by apoptosome formation and caspase-9 activation. Cephalostatin 1 causes cell death in a CD95-and caspase-8-independent manner. Even more intriguingly, cephalostatin induces apoptosis without triggering cytochrome c release from mitochondria and apoptosome formation. 1 Apoptosomeindependent cell death induction has been described in the literature before, 2, 3 but it occurred independent of caspase-9 activation. In contrast, cephalostatin-induced apoptosis is dependent on active caspase-9. The activation of caspase-9 independent of the classical mitochondrial signaling raises the question of the activation pathway of caspase-9 in cephalostatin-induced apoptosis. Cephalostatin induces a typical endoplasmic reticulum (ER) stress response without the requirement to reroute signaling to the classical mitochondrial pathway and uses caspase-4 to initiate a caspase cascade leading to death. Biochemical and genetic inhibition of caspase-4, however, only partially reduces caspase-9 activation and the apoptotic efficacy of cephalostatin. 4 Now in search for further players used by cephalostatin to activate caspase-9 without apoptosome formation, we focused on another unusual feature of cephalostatin signaling, that is, a predominate release of Smac/DIABLO (second mitochondriaderived activator of caspase/direct inhibitor of apoptosisbinding protein with low pI) in Jurkat T cells. 1 Smac/DIABLO is a 29 kDa mitochondrial precursor protein, which is proteolytically processed in mitochondria to its 23 kDa mature form. Normally, upon apoptotic stimuli, such as chemotherapeutic drugs, it is released into cytosol together with other mitochondria-located proteins. Smac/DIABLO binds to various inhibitor of apoptosis proteins (IAPs), thus neutralizing their inhibitory effect on caspases. 5, 6 The BIR3 domain of X-linked IAP (XIAP), the most potent member of the IAP family, is recognized by mature Smac/DIABLO. Thus, Smac/DIABLO is able to compete with caspase-9 for binding to the BIR3 domain of IAPs, and thereby favors its activation. Smac/DIABLO also binds to the BIR2 motif of XIAP, thereby counteracting the XIAP-dependent inhibition of caspase-3 and caspase-7. 7 Besides XIAP, Smac is described to interact with other IAPs, such as IAP-1 and IAP-2, modulating further caspases such as caspase-2. 7, 8 Focusing on the early and strong selective release of Smac upon cephalostatin treatment, we hypothesized that Smac is an important factor in the apoptosome-independent activation of caspase-9. By silencing Smac through siRNA in Jurkat cells, we found indeed a significant impact of this mitochondrial factor on caspase-9 activation and cell death.
Most interestingly, activation of caspase-2 by cephalostatin was markedly reduced in Jurkat T cells lacking Smac. We show that caspase-2 acts as initiator caspase in the signaling orchestra leading to cephalostatin-induced cell death and that it is recruited to the recently described PIDDosome complex.
Results
Smac but not cytochrome c is predominately released in various tumor cells upon cephalostatin treatment. We have previously shown that cephalostatin induces the selective mitochondrial release of Smac but not cytochrome c in Jurkat leukemia T cells. 1 To further confirm that this unusual finding is not a cell type-specific phenomenon, but a characteristic event for cephalostatininduced apoptosis, we investigated the release of Smac and cytochrome c in two further cell lines, SK-Mel-5 and MCF-7 cells. As seen in Figure 1a , Smac -in contrast to cytochrome c -is rapidly and markedly released from mitochondria upon cephalostatin treatment, whereas staurosporine and etoposide induce the translocation of both proteins into cytosol. These results were further supported by confocal microscopy studies using MCF-7 cells expressing either cytochrome c-green fluorescent protein (GFP) or Smacyellow fluorescent protein (YFP) (Figure 1b) . Untreated control cells show the colocalization of cytochrome c-GFP and Smac-YFP with a mitochondrial dye, proofing the mitochondrial localization of the fusion proteins. After stimulation with cephalostatin, Smac-YFP is found in the cytosol, whereas cytochrome c-GFP is still mitochondrialocalized. In contrast, staurosporine induces the release of both proteins.
Cephalostatin-induced Smac release involves Bcl-2 family proteins. Smac can be released from mitochondria in several ways. A few reports 9, 10 show that Jun N-terminal kinase (JNK) is involved in the release of Smac from mitochondria. As cephalostatin activates JNK, 11 we investigated the impact of JNK and its upstream regulatory kinase ASK1 on cephalostatin-induced Smac release. As shown in Figure 2a , neither the inhibition of JNK by the inhibitor SP600125 nor the use of Jurkat cells that express an inactive form of ASK1 could prevent cephalostatin-induced Smac release.
In search for factors responsible for Smac release, we investigated the impact of Bcl-2 proteins. Interestingly, as shown in Figure 2b , Bak deficiency does not delay Smac release in cephalostatin-treated Jurkat cells and does not affect apoptotic activity of cephalostatin as shown before. 6 In contrast, overexpression of Bcl-2 and downregulation of Bim by siRNA are able to reduce Smac translocation to cytosol (Figure 2c ) at 4 h, pointing to an initial role of those two proteins in the mechanism of Smac release. The Ca 2 þ -dependent calpain family of cysteine proteases is known to mediate apoptosis upon several conditions, among others, by cleaving Bcl-2 family proteins and inducing the release of mitochondrial factors. Calpain is activated upon Ca 2 þ binding and further autolytic processing to its 76 kDa subunit. 12 In fact, cephalostatin leads to a rapid calcium release and calpain activation already after 1 h of treatment (Figure 2d ). Owing to this fast activation, we investigated a possible influence of calpain on the selective Smac release by using the inhibitor calpastatin. Interestingly, cephalostatin-induced Smac release into the cytosol was slightly diminished by calpain inhibition (Figure 2d ). Densitometric analysis added up to approximately 20% inhibition of Smac release. However, calpain inhibition did not reveal a significant effect on apoptotic activity of cephalostatin (data not shown).
Smac enhances the apoptotic signaling cascade induced by cephalostatin. Owing to the unique characteristic of cephalostatin to induce a selective Smac release, we investigated the role of Smac in cephalostatininduced cell death by silencing the Smac gene by siRNA. As shown in Figure 3 , silencing of Smac significantly inhibited cephalostatin-induced apoptosis. As Smac is known to abolish the inhibitory effect of XIAP on caspase-9 and caspase-3, we investigated the effect of Smac downregulation on cephalostatin-mediated caspase activation. Silencing of Smac clearly suppressed the appearance of caspase-9 cleavage products, indicating a reduced activation of the initiator caspase-9 in Smacdepleted cells. In contrast, activation of the initiator caspase-4 was only slightly affected by the absence of Smac, and might be delayed (Figure 4a ). Smac siRNA had also influence on caspase-3 activation and consequently PARP (poly-ADP-ribose-polymerase) cleavage as shown in Figure 4b by reduced caspase-3 cleavage products and strongly diminished appearance of the 85 kDa PARP fragment. Caspase-2 has characteristics of an initiator caspase owing to its long CARD-containing prodomain. The prodomain and the linker region between the large and the small subunit are removed during generation of the active enzyme, resulting in different cleavage products. 13 Interestingly, cephalostatin-induced processing of caspase-2 to its 18 kDa fragment was prevented upon Smac silencing (Figure 4a ), pointing to a participation of caspase-2 in cephalostatin-induced cell death.
Cephalostatin-induced activation of caspase-2 is involved in apoptosis. In fact, treatment of cells with cephalostatin leads to an early activation of caspase-2, as demonstrated in Figure 5a , by the appearance of the caspase-2 cleavage product p31 already after 4 h of incubation. Thapsigargin was used as positive control. The caspase-2 inhibitor zVDVAD-fmk reduced DNA fragmentation induced by cephalostatin and thapsigargin (Figure 5b ), indicating that caspase-2 contributes to cephalostatin-mediated apoptosis. This result was further supported by siRNA experiments. Cells transiently transfected with a siRNA targeting caspase-2 showed a significantly reduced amount of annexin V-positive cells as compared with cells transfected with a scrambled siRNA sequence (Figure 5b ). Although these results confirm a contribution of caspase-2 in cephalostatin-induced apoptosis, the impact might be of minor importance and draws attention to another proapoptotic factor, namely caspase-4. In addition to caspase-2, caspase-4 is involved in the early steps of cephalostatin-induced cell death. 4 Thus, we examined the impact of the concomitant inhibition of caspase-4 and caspase-2 on cephalostatin-induced apoptosis by employing the selective inhibitors zLEVD-fmk and zVDVAD-fmk. Figure 5c shows an almost complete inhibition of cephalostatin-induced DNA fragmentation upon pre-incubation with both inhibitors together, demonstrating the essential role of caspase-4 and caspase-2.
SK-Mel-5
Cytochrome c Caspase-2 is activated independent of caspase-9 upon cephalostatin treatment. Caspase-2 can be activated upstream 14, 15 or downstream 16 of caspase-9. We hypothesized that, in addition to caspase-4, caspase-2 could act as an apical caspase in cephalostatin-induced apoptosis. To this end, activation of caspase-2 was examined in caspase-9-deficient and caspase-9-reconstituted cells, and activation of caspase-9 was investigated in caspase-2-silenced cells. Caspase-2 activation upon cephalostatin is independent of caspase-9, as shown in caspase-9-deficient (Caspase 9À/À) and caspase-9-reconstituted (Caspase 9 þ / þ ) Jurkat cells ( Figure 6a , upper panel). On the other hand, caspase-9 is activated to the same extent in caspase-2-silenced and -scrambled siRNA-transfected cells (Figure 6a lower panel). Thus, cephalostatin-induced caspase-2 does not affect caspase-9 activation, which differs from the role of cephalostatin-induced caspase-4. Caspase-2 appears to act as initiator caspase and independent of caspase-9. In a next step, we were interested in the mechanism of this initial caspase-2 activation induced by cephalostatin.
Cephalostatin induces recruitment of Caspase-2 to the PIDDosome complex. Although processing of caspase-2 to its active fragments was observed after 4 h of treatment with cephalostatin, similar to caspase-9, recruitment to a large protein complex (independent of the Apaf-1 apoptosome) is sufficient to mediate its activation. 17 Later, appearance of cleavage fragments is mediated by self-processing and further enhances its catalytic activity. 13 This newly identified caspase-2-activating protein complex is referred to as the PIDDosome, 18 composed of the proteins PIDD (p53-induced protein with a DD), RAIDD (RIP-associated ICH-1/CED-3-homologous protein with DD) and procaspase-2. To investigate the participation of the PIDDosome in our system, we studied the protein interaction by immunoprecipitation of caspase-2, RAIDD and PIDD. Western blot analysis of the precipitation complex of each antibody reveals the basal interaction of RAIDD and PIDD in untreated cells ( Figure 6b ). Importantly, upon 1 h of incubation with cephalostatin, procaspase-2 is recruited to the PIDD and RAIDD complex (Figure 6b ), suggesting the assembly of the PIDDosome as the possible mechanism of caspase-2 activation. As Smac is necessary for caspase-2 activation in cephalostatin-treated cells, we further investigated the impact of Smac on PIDDosome formation by silencing Smac by siRNA experiments. Here we observed almost no reduction in PIDD recruitment to caspase-2 in the absence of Smac (Figure 6c ).
Discussion
Our presented work reports an unusual apoptotic signaling pathway induced by the experimental chemotherapeutic drug cephalostatin and communicates two new major findings. First, selectively released Smac was demonstrated to increase caspase activity, and therefore cell death upon cephalostatin treatment. Interestingly, apart from caspase-9 and caspase-3, mainly caspase-2 activity was affected by Smac. Second, caspase-2 acted as an initiator caspase and contributed independent of caspase-9 to cephalostatininduced cell death. Cephalostatin has been reported earlier to activate caspase-9 apoptosome-independent and partially through ER stress. 4 Here, we show that cephalostatin is able to induce formation of the PIDDosome.
The release of mitochondrial intermembrane space proteins to the cytosol is a key event during apoptosis. For instance, cytochrome c is required for the initiation of the apoptosome and activation of caspases, whereas Smac/DIABLO is believed to enhance caspase activation through the neutralization of the IAPs. 19 Upon apoptotic stimuli, these mitochondrial factors are usually released together in a manner that is coordinately initiated. 20 Thus, the fact that cephalostatin leads to a marked and early Smac release without detectable amounts of cytochrome c deserves attention and asks for the mechanism of release as well as for the impact of Smac in cephalostatininduced cell death.
Similar to our data, the group of Anderson 10,21 reported about an Apaf-1/cytochrome c-independent and Smacdependent induction of apoptosis in multiple myeloma cells by dexamethasone. The authors identified activated JNK to be responsible for Smac release using the JNK inhibitor SP600125. Cephalostatin is also able to rapidly induce JNK activation. 11 However, blocking JNK activity through SP600125 or overexpression of a dominant-negative form of its upstream kinase ASK1 in our hands did not affect Smac release (Figure 2a) . First experiments show that the absence of the proapoptotic Bcl-2 protein Bak has no influence on Smac release (Figure 2c ), suggesting that cephalostatin may trigger another signal directly influencing the mitochondrial pore formation. Another Bcl-2 protein, Bim (Bcl-2 interacting mediator of cell death), antagonizes pro-survival Bcl-2 family members. 22 Upon apoptotic stimuli, Bim is reported to translocate to mitochondria, directly interacting with Bcl-2, and thereby releasing proapoptotic factors from the intermembrane space of the mitochondria to the cytosol. 23 Indeed, we found that overexpression of the anti-apoptotic protein Bcl-2 as well as downregulation of the proapoptotic factor Bim reduces cytosolic Smac. This is also in line with our previous findings that overexpression of the anti-apoptotic Bcl-2 family member Bcl-xL delays cephalostatin-induced Smac translocation into the cytosol. 1 The calpain family of proteases appears to be an important factor in the induction of apoptosis through the mitochondria, as Bax has been identified as a target of calpain 24 and calpain inhibition has been shown to inhibit the release of Smac and cytochrome c from the mitochondria. 12 Calpain is rapidly activated upon cephalostatin treatment and is partially involved in the selective Smac release (Figure 2d) , further supporting the crosstalk between calpain and mitochondria.
Smac has been discovered in the search for proteins that are able to interact with mammalian and baculoviral IAPs. 5 IAPs, which are characterized by one or more baculovirus IAP repeat (BIR), antagonize caspases by binding to and inhibiting mainly caspase-9, -3 and -7. 25 Smac has been reported to promote apoptosis in response to various apoptosis inducers by antagonizing IAP-mediated inhibition of caspases. 26 To this end, Smac agonists sensitized various tumor cells for cell death. 27, 28 We used siRNA technique to silence the Smac gene and subsequently examined the impact of endogenous Smac released upon cephalostatin treatment. As expected, we observed a strong reduction in caspase-9 as well as caspase-3 activation. A moderate effect of caspase-4 activa-tion in Smac-depleted cells was seen. Taken together, our results demonstrate an essential role of Smac in cephalostatin-induced caspase cascade most likely by promoting caspase activity. In this respect, the fact that caspase-2 activity triggered by cephalostatin is markedly reduced in cells depleted by Smac draws attention to caspase-2 as a further caspase involved in the apoptosome-independent cell death induced by cephalostatin.
Even though caspase-2 was the second mammalian caspase identified, its exact role in the regulation of cell death is controversial and relatively unknown, in part, due to its different function dependent on cell type and stimulus. Caspase-2 contains a CARD domain and can act as initiator caspase, 14, 15, 29 but has characteristics of effector caspases 30, 31 too. It is localized not only predominantly in the Golgi complex and the nucleus, but also in the mitochondria and cytosol. 32 Many reports exclude an essential role of caspase-2 in apoptosis presumably due to the compensation by other caspases. 16, 33 However, caspase-2 is activated in response to DNA damage, where it acts as the only initiator caspase, 32 and appears necessary for apoptosis triggered by ultraviolet irradiation, 29 . Experiments were carried out three times. Smac release was analyzed by Western blot. VDAC served as control for the purity of the cytosolic fractions and actin was used as loading control drawal 34 or administration of TRAIL. 35 Caspase-2 has also been implicated in neuronal death induced by b-amyloid 36 and recently in ER stress. 8 We depleted caspase-2 through siRNA transfection and observed a minor but significant effect on the extent of apoptotic cell death induced by cephalostatin. Use of the caspase-2 inhibitor zVDVAD-fmk results in a similar reduction of cell death, indicating that caspase-2 is involved in the unusual apoptotic pathway induced by cephalostatin. The question arises as to whether caspase-2 is functioning as an initiator or as an effector caspase. Both roles have been described earlier. 15, 16, 29 The fact that caspase-2 is activated in caspase-9-deficient cells similar to caspase-9-reconstituted Jurkat cells clearly votes for caspase-2 activation to be an upstream event. Importantly, caspase-2 activation is not involved in apoptosome-independent activation of caspase-9 as reported earlier for cephalostatin-induced caspase-4. 4 Our next step was to understand how caspase-2 is activated upon cephalostatin treatment. In this respect, most interestingly caspase-2 was reported to be activated by recruitment into a large multiprotein complex independent of Apaf-1 and cytochrome c. 17 This putative complex has been proposed to be the PIDDosome, 18 formed by the association of the protein PIDD (p53-induced protein with a DD), RAIDD (RIP associated ICH-1/CED-3-homologous protein with DD) and procaspase-2. The PIDDosome was proposed to regulate caspase-2 activation and apoptosis induced by genotoxic agents. Upon recruitment to the complex, caspase-2 was activated and autoprocessed, but it was not clear whether activated caspase-2 was involved in cell death. 18 RAIDD together with caspase-2 has been recently demonstrated to participate in the induction of apoptosis under conditions of trophic factor withdrawal but not DNA damage, 34 arguing against the exclusive formation of the caspase-2 activation complexes by genotoxic stress. 18 Along this line, cephalostatin does not induce DNA damage 11 and is, to our best knowledge, one of the few drugs 37, 38 that have clearly shown to induce the recruitment of caspase-2 to PIDD and RAIDD, leading to the formation of the PIDDosome. As cephalostatininduced caspase-2 activation was prevented in Smacdepleted cells, we were interested whether Smac is involved in the recruitment of caspase-2 into the PIDDosome. PIDD binding to caspase-2 still occurs in the absence of Smac. Thus, the formation of the PIDDosome appears to be independent on Smac. We therefore hypothesize that Smac and not PIDDosome formation itself is most likely to be the crucial and final step in caspase-2 activation by cephalostatin.
In summary, the experimental drug cephalostatin, which was isolated from a marine organism, proved to be both a very valuable tool to discover novel aspects in apoptotic signaling and to be a promising therapeutic agent promoting apoptosis.
Materials and Methods
Compounds. Cephalostatins (CPH) 1 and 2 were kindly provided by Dr. GR Pettit and were isolated from the marine worm Cephalodiscus gilchristi. Cephalostatins 1 and 2 share the same apoptotic profile as examined in pilot experiments (data not shown). Thus, experiments were performed either with cephalostatin 1 or cephalostatin 2 without distinction. Purity of the compound was 98% as judged by high-performance liquid chromatography analysis. Before application, cephalostatins 1 and 2 were dissolved in DMSO. Final DMSO concentration did not exceed 1%, a concentration verified not to interfere with the experiments performed. Etoposide (ETO) and the JNK inhibitor SP600125 were purchased from Calbiochem (Bad Soden, Germany). Staurosporine (ST) was from Biozol (Eching, Germany). Propidium iodide (PI) and thapsigargin (TG) were from Sigma (Deisenhofen, Germany). The caspase-2 inhibitor zVDVAD-fmk was obtained from MBL (Woburn, Massachusetts, USA). Calpastatin exon 1B-derived peptide was synthesized by Gene Center (Munich, Germany), and the activated cell-permeable peptide penetratin 1 was purchased from Qbiogene (Morgan Irvine, CA, USA). The activated penetratin was coupled onto the calpastatin exon 1B-derived peptide by incubating both peptides at an equimolar ratio for 2 h at room temperature. The conjugated peptide functioned as calpain inhibitor. 39 Fura-2-AM (Fura-2 acetoxymethyl ester), used for calcium measurement, was purchased from Biotrend (Cologne, Germany).
Cell culture. Human leukemia Jurkat T cells (J16), Bak-deficient Jurkat cells (BakÀ, JCaM1.6), deficient cells reconstituted with Bak (Bak þ ), Bcl-2 overexpressing and vector control (neo) cells, a Jurkat cell line expressing an inactive form of ASK1 (ASK1-DN, clone A2-3) and Jurkat T cells lacking caspase-9 (Casp 9À/À) or reconstituted with caspase-9 (Casp 9 þ / þ ) were cultured (371C and 5% CO 2 ) in RPMI 1640 containing 2 mM L-glutamine (PAN Biotech, Aidenbach, Germany) supplemented with 10% FCS (PAA Laboratories, Cölbe, Germany) and 1% pyruvate (Merck Biosciences, Darmstadt, Germany). MCF-7, MCF-7 cytochrome c-GFP and MCF-7 Smac-YFP cells were cultured in RPMI 1640 containing 2 mM L-glutamine supplemented with 10% heat-inactivated FCS and 1% pyruvate. The melanoma cell line SK-Mel-5 (ATCC) was cultured in DMEM supplemented with 2 mM L-glutamine, 10% FCS and 1% pyruvate. . Equal protein loading was controlled by actin. All experiments were carried out three times. Bars, the mean ± S.E.M. of three independent experiments. *Po0.05; **Po0.01 (unpaired two-tailed t-test)
Quantification of apoptosis Propidium iodide staining. Quantification of apoptosis was performed as described earlier. 4 Briefly, cells were incubated in a buffer containing 0.1% sodium citrate, 0.1% Triton X-100 and 50 mg/ml PI overnight at 4 1C and analyzed by flow cytometry on a FACSCalibur (Becton Dickinson, Heidelberg, Germany). Nuclei to the left of the G 1 -peak were considered apoptotic. Analysis of phosphatidylserine exposure. Phosphatidylserine translocation to the outer leaflet of the plasma membrane was analyzed by the Annexin V-FITC Detection Kit (Bender MedSystems, Vienna, Austria) according to the manufacturer's instructions. Cells were analyzed by flow cytometry on a FACSCalibur. Only annexin V-positive and PI-negative cells were considered apoptotic.
Western blot analysis. Cells were collected by centrifugation, washed with ice-cold PBS and lysed in 1% Triton X-100, 150 mM NaCl, 2 mM EDTA and 30 mM Tris-HCl pH 7.5 with the protease inhibitor Completet (Roche, Mannheim, Germany) for 30 min. Lysates were homogenized with an ultrasonic device and centrifuged at 10 000 Â g for 10 min at 41C.
Analysis of cytochrome c and Smac release. Release of cytochrome c and Smac from mitochondria was analyzed as described earlier. 1 Briefly, cell pellets were resuspended in permeabilization buffer (210 mM D-mannitol, 70 mM sucrose, 10 mM HEPES, 5 mM succinate, 0.2 mM EGTA, 0.15% bovine serum albumin, 60 mg/ml digitonin, pH 7.2) and incubated for 20 min at 4 1C. Permeabilized cells were centrifuged (1500 r.p.m.), the supernatant was removed and centrifuged again (10 min, 14 000 rpm). The obtained cytosol was separated on a 15% SDS-PAGE and probed for cytochrome c, Smac, VDAC and actin as described below. The remaining pellet was lysed in 0.1% Triton/PBS (15 min, 4 1C), centrifuged (14 000 r.p.m., 41C, 10 min) and the supernatant containing mitochondrial proteins was analyzed by SDS-PAGE.
Equal amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose membranes (Hybondt-ECLt, Amersham Biosciences, Freiburg, Germany). Membranes were blocked with 5% fat-free milk powder in PBS containing 0.05% Tween-20 (1 h) and incubated with specific antibodies against actin (goat; Santa Cruz), Smac (rabbit; Biozol), Bim, Bcl-2 (Merck Biosciences), calpain (mouse IgG 1 ; Chemicon, Hofheim, Germany), ASK, c-jun, phospho-c-jun, cytochrome c, caspase-9, JNK, phospho-JNK, VDAC (rabbit or mouse antibodies; Cell Signaling, Frankfurt, Germany), caspase-4 (mouse IgG1k, clone 4B9; MBL), Casp-2 (31 kDa) smac Figure 4 Smac silencing reduces the activation of caspase-9, caspase-3 and caspase-2. Jurkat cells were transfected with plasmids encoding for either Smac siRNA or nonsense sequence or with vector alone as described in 'Material and Methods.' Cells were left untreated (CO) or treated with cephalostatin 2 (CPH; 50 nM) for the indicated times. Activation of caspase-9, caspase-2, caspase-3 and caspase-4, as well as PARP cleavage was examined by Western blot. Experiments were carried out three times. Transfection efficacy was analyzed by Western blot for Smac. Equal protein loading was controlled by actin RAIDD (mouse IgG1; MBL), PIDD (rabbit; Axxora, Lörrach, Germany), PARP (mouse IgG1; Oncogene, Boston, MA, USA), caspase-3 or caspase-2 (mouse IgG1; BD Transduction Laboratories, Heidelberg, Germany) overnight at 41C. Specific proteins were visualized by secondary antibodies conjugated to horseradish peroxidase and the ECL Plust Western Blotting detection reagent (Amersham Biosciences). Membranes were exposed to X-ray film for the appropriate time periods and subsequently developed in a tabletop film processor (Curix 60, Agfa, Cologne, Germany). Equal protein loading was controlled by actin staining.
Immunoprecipitation. Protein A or G sepharose beads (Sigma) were incubated with primary antibody and gently shaken overnight at 41C. Cells were treated and collected by centrifugation (10 min, 360 Â g, 41C), washed with ice-cold PBS and lysed in 1% Triton X-100, 150 mM NaCl, 2 mM EDTA and 30 mM Tris-HCl (pH 7.5) with the protease inhibitor Complete (Roche) for 30 min. Lysates were centrifuged at 10 000 Â g for 10 min at 41C. Equal amounts of protein were added to the antibody beads mixture and incubated for another 3 h at 4 1C. After centrifugation (14 000 r.p.m., 1 min, 41C) probes were washed three times with lysis buffer and separated by SDS-PAGE as described above. For visualization of the proteins, secondary antibody conjugated to horseradish peroxidase or mouse IgG TrueBlott and rabbit IgG TrueBlot (Ebioscience) were used.
Confocal laser scanning microscopy. MCF-7 cells stably expressing either cytochrome c-GFP or Smac-YFP were seeded on glass coverslips in 24-well plates. Before 1 h, the end of stimulation cells were stained with Mitotracker Red 580 (Molecular Probes, Karlsruhe, Germany). Cells were washed three times with PBS and fixed with 3% paraformaldehyde in PBS for 15 min at room temperature and washed again three times with PBS. Glass coverslips were then covered with a droplet of fluorescent mounting medium and mounted on a microscope slide. Dual-channel images were taken by Zeiss Meta confocal laser scanning microscopy (Jena, Germany). (Caspase-9À/À) or reconstituted with caspase-9 (Caspase-9 þ / þ ) were either left untreated (CO) or treated with cephalostatin (CPH; 1 mM) for the indicated times. Processing of procaspase-2 was examined by Western blot. Inset shows caspase-9 levels. Lower panel: Jurkat cells were transfected with caspase-2 siRNA or scrambled siRNA and left either untreated (CO) or treated with cephalostatin 2 (CPH, 50 nM) for the indicated times. Caspase 9 processing was examined by Western blot. Inset shows caspase-2 downregulation. Equal protein loading was controlled by actin. (b) Jurkat cells were either left untreated (CO) or treated with cephalostatin 2 (CPH; 50 nM), thapsigargin (TG; 3 mM) or etoposide (ETO, 2 mM) for 1 h. Caspase-2, PIDD or RAIDD were immunoprecipitated, and caspase-2, PIDD and RAIDD levels were detected by Western blot. Experiments were carried out two times. (c) Jurkat cells were transfected with plasmids endcoding for either smac siRNA, nonsense sequence or vector alone. Cells were either left untreated (CO) or treated with cephalostatin 2 (CPH; 50 nM) for 1 h. Caspase-2 was immunoprecipitated using the TrueBlot system and PIDD and caspase-2 levels were detected by Western blot. Experiment was carried out two times. Smac downregulation was verified by Western Blot (see inset). Equal protein loading was controlled by actin used as control. Antibiotic selection with 2 mg/ml puromycin was started the day after transfection. Cells were seeded and stimulated on day 4 after nucleofection.
Caspase-2 and Bim siRNA. Sense and antisense siRNA oligonucleotides corresponding to nucleotides 94-114 of caspase-2 (5 0 -aaacagctgttgttgagcgaa-3 0 ), 29 Sense and antisense siRNA oligonucleotides of Bim (sense: 5 0 -caauu gaccuucucgg(dTdT)-3 0 ; antisense: 5 0 -ccgagaagguagacaauug(dTdT)-3 0 ) 40 and oligonucleotides corresponding to a scrambled sequence were purchased from Biomers.net GmbH (Ulm, Germany) and annealed to create the double-stranded siRNAs. Jurkat cells were transfected with 3 mg of scrambled or caspase-2 siRNA using the Nucleofector II according to manufacturer's instructions.
Calcium measurement. Changes in intracellular calcium levels can be analyzed with Fura-2-AM. Fura-2 free of Ca 2 þ emits fluorescence upon excitation at 380 nm, but after binding to Ca 2 þ fluorescence shifts to 340 nm. Therefore, the 340:380 nm ratio of fluorescence intensity provides a parameter for calcium release. Briefly, Jurkat cells were centrifuged (180 Â g, 5 min, 23 1C), washed once with Hepes buffer and resuspended at 2 Â 10 6 cells per ml in Hepes buffer containing 3 mM Fura. Cell suspension was incubated for 30 min at 371C; later, a volume of 300 ml cell suspension was transferred to an Adhesion Slide (Marienfeldt) and incubated at 371C for further 15 min. After three washing steps with Hepes, cells were stimulated with cephalostatin 2 or thapsigargin for 10 min and fluorescence was assayed by microscopy (Axiovert 200). Ratio was calculated by TILLVision software.
Statistical analysis. Results are expressed as mean value ± S.E.M. One-way ANOVA with Bonferroni's post-test and Student's unpaired two-tailed t-test were performed using GraphPad Prism version 3.0 for Windows (GraphPad Software, San Diego, CA, USA). P-values o0.05 were considered significant.
